Ž q . Objective: Exposure to anoxia has been reported to activate ATP-sensitive potassium K channels in isolated ventricular ATP myocytes. We aimed to investigate the mechanisms underlying the anoxia-induced activation of K q channels. Methods: Guinea pig ATP ventricular myocytes were isolated using collagenase digestion. Action potentials and membrane currents were recorded in the whole-cell mode of patch clamp. Exposure to anoxia was performed in a semi-closed airtight chamber, which prevented the diffusion of atmospheric Ž . oxygen into anoxic perfusate. Results: Exposure to glucose-free anoxia shortened the action potential duration APD to less than 20% of control in 13 " 3 min. Subsequent reoxygenation rapidly and completely restored the APD. The time-independent large outward current which developed during anoxia was completely suppressed by reoxygenation or by the application of glibenclamide, a K q channel ATP blocker. The presence of extracellular glucose did not prevent APD shortening during anoxia, although it significantly decreased the rate of shortening. Reoxygenation-induced restoration of the APD was inhibited after a long-lasting anoxia. In addition, repeated exposures to anoxiarreoxygenation progressively impaired the recovery of APD during reoxygenation. Conclusions: Activation of K q channels ATP occurs during anoxia. The primary source of ATP that regulates the channel activity seems to be oxidative phosphorylation. ATP derived Ž . from anaerobic glycolysis attained by the increase of extracellular glucose was observed to partially suppress the channel activity only when oxidative phosphorylation was severely impaired during anoxia. q 1997 Elsevier Science B.V.
Introduction
Ž q . ATP-sensitive potassium K channels, which were ATP first discovered in cardiac myocytes, are activated by w x decreases in the intracellular concentration of ATP 1 . Results of several pharmacological studies with sulfonylurea K q channel blockers suggest that activation of ATP K q channels is important in the shortening of the action ATP potential duration and the increase in cellular K q efflux w x during cardiac ischemia 2-4 . However, it has not been confirmed yet whether these channels actually open during w x the early phase of ischemia or not 5, 6 . While the direct measurement of current through K q channels during ATP ischemia is not feasible in whole-heart or tissue prepara-
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tions, there is experimental evidence that exposure to w x w x q anoxia 7,8 or simulated ischemia 9 activates K ATP channels in isolated ventricular myocytes. However, the precise mechanisms underlying the anoxia-induced activation of the K q channels are unclear.
ATP
The lack of sufficient oxygen suppresses oxidative phosphorylation, a major pathway of ATP synthesis. Although activation of K q channels has been reported to ATP be regulated preferentially by ATP derived from glycolysis w x 10 , the inhibition of oxidative phosphorylation by 2,4-di-Ž . w x w x nitrophenol DNP 11-13 or cyanide 14,15 has been shown to activate K tion alone is sufficient to regulate K q channels in my- ATP ocytes.
The present study investigated the putative regulatory Ž .
q mechanism s of K channel activation in single my-ATP ocytes under anoxic conditions. Particular attention was paid to the role of the two major ATP synthetic pathways -oxidative phosphorylation and glycolysis.
Methods

Cell preparation and experimental set-up
Single ventricular myocytes from guinea pigs were prepared according to a technique described previously w x 16 . In brief, the guinea pig underwent cervical dislocation, and the heart was quickly excised and mounted on a Langendorff's apparatus. The heart was rinsed for 5 min with nominally calcium-free Tyrode solution, consisting of Ž . in mM NaCl 137, KCl 5.4, MgCl 0.5, NaH PO 0.16, 2 2 4 Ž NaHCO 3.0, glucose 5.5, and HEPES 5 pH 7.4, adjusted 3 . with NaOH . The heart was then enzymatically digested by perfusing it with nominally calcium-free Tyrode solution Ž containing collagenase 0.05 mgrml, type I, Yakult, . Tokyo . After 5-6 min of digestion, the heart was perfused Ž with a recovery solution of the following composition in . mM : KCl 5, glutamic acid 70, taurine 10, oxalic acid 10, . w x EGTA 0.5 pH 7.4, adjusted with KOH 17 . The temperature of all these perfusates was maintained at 36 " 0.58C. The heart was then minced in 50 ml of the recovery solution to disperse the cells. A small amount of the Ž precipitate was transferred to the recording bath volume, . 0.5 ml located at the bottom of a semi-closed airtight chamber that was mounted on the stage of an inverted Ž . Ž . microscope TMD; Nikon, Tokyo Fig. 1 .
A semi-closed airtight chamber was specially designed to perfuse the cells under anoxic conditions while measuring ionic currents with a patch-clamp pipette. The top of the chamber was covered by a transparent acrylic plate. A patch electrode was inserted into the chamber through a small opening in the top-plate. Since the top-plate is free to move horizontally, a patch electrode can be applied easily Ž . to the cells. Ultra-pure argon gas 99.9995% was released Ž . from the bottom of the chamber 2 lrmin and expelled through an opening in the top-plate. Since argon is heavier than air, the atmospheric air close to the surface of the recording bath was expelled and replaced by ultra-pure argon gas. Diffusion of atmospheric oxygen into the anoxic perfusate was completely blocked by the flow of argon.
Under control conditions, the cells were perfused with Ž normoxic Tyrode solution of the following composition in . mM : NaCl 137, KCl 5.4, MgCl 0.5, NaH PO 0.16, . cmH O for more than 3 h. The PO of the anoxic solution 2 2 was less than 3.8 = 10 y8 mmHg, as determined by redox w x reaction with resazurine 18 . The anoxic solution was delivered to the bath in the chamber through stainless steel tubing. The flow rate of the perfusates was maintained at approximately 20 mlrmin. The temperature of the perfusing solutions and argon gas was maintained at 36 " 0.58C.
Recordings of action potentials and membrane currents
The action potentials and membrane currents were Ž recorded using a patch-clamp amplifier CEZ-2100; Nihon . Kohden, Tokyo . Patch electrodes were fabricated from a Ž . Fig. 1 . Schematic illustration of a semi-closed airtight chamber designed to maintain an anoxic environment. Ultra-pure argon gas 99.9995% was released from the bottom of the chamber. Air was expelled from the chamber through a small opening in the sliding top-plate. A patch electrode can be inserted through this opening in the top-plate for application to the cell placed in the recording bath. The anoxic perfusate was delivered through a stainless steel tube. Temperature of perfusates and argon gas was maintained at 36"0.58C. . KOH . The resistance of the pipette ranged from 3 to 4 M V. A 'giga-ohm seal' was established between the pipette and the cell surface by gentle suction. This was followed by application of greater suction to disrupt the membrane patch. Action potentials and transmembrane ionic currents were recorded in the whole-cell patch-clamp mode.
Experimental protocol
Action potentials were elicited at 1 Hz using a current clamp mode of patch clamp. After a stabilization period with constant action potential configuration in the nor-Ž . moxic Tyrode solution usually ) 10 min , the cell perfusate was switched to the glucose-free anoxic solution that was delivered to the bath through a different stainless steel tubing. Reoxygenation was established by changing the anoxic perfusate to a normoxic one with or without 5.5 mM glucose. In some experiments, anoxic solution that Ž . Ž . contained glibenclamide 1 mM or glucose 5.5 mM was applied from another anoxic reservoir. Glibenclamide was Ž . a kind gift from Hoechst Hoechst Japan Co., Tokyo and Ž . stock solution of glibenclamide 1 mM was made by Ž dissolving the drug in 5% dimethyl sulphoxide Sigma . Chemical Co., St. Louis, MO . Details of the experimental protocol are shown at the top of each figure.
Membrane currents were recorded using a ramp volt-Ž age-clamp method. The ramp voltages q60 ; y140 mV, . 10 mvrs were applied from the holding potential of y40 mV at 30-s intervals. After the constant current-voltage relationship was obtained in the control normoxic tyrode solution, the cell was perfused with the glucose-free anoxic solution. Reoxygenation or application of glibenclamide was made by changing the anoxic perfusate to normoxic perfusate or anoxic solution that contained glibenclamide Ž . 1 mM . Details of the experimental protocol for current measurements are also shown in the top of each figure. 
Data acquisition and statistical analysis
The action potential and ionic current signals were stored on magnetic tape using a PCM data recording Ž . system PCM-501ES; SONY, Tokyo , replayed and pro-Ž . cessed on a personal computer PC-9801; NEC, Tokyo Ž equipped with an analog-to-digital converter ADX-98;
. Canopus, Kobe . The voltage signals were digitized at a sampling interval of 1 ms. The statistical data are expressed as the mean " SEM. The statistical significance of differences between data was determined using Student's unpaired t-test. A value of P -0. 
Results
Alterations of action potentials during anoxia and reoxygenation
The first series of experiments evaluated the effect of Ž . anoxia on action potentials stimulated at 1 Hz Fig. 2 . Ž . Ž . Changes in action potential duration APD panel A and Ž . action potential configuration panel B were recorded before, during, and after the cell was exposed to anoxic conditions. Following equilibration with normoxic solution, the cell was exposed to glucose-free anoxic solution. In a representative myocyte, the APD began to shorten Ž . after ; 6 min lag period of anoxia, resulting in a spike-Ž like action potential in 10 min. Upon reoxygenation in the . continuing absence of glucose , the APD was rapidly restored to the pre-anoxic length. Similar changes were observed in 9 different cells during anoxia-reoxygenation. The APD decreased to -20% of the control value in Ž . 13 " 3 min n s 10 , but increased to pre-anoxic length within 20 s following reoxygenation.
Alteration of membrane currents during anoxia and reoxygenation
Since the induction of anoxia produced a marked shortening of action potential, we investigated the underlying changes in membrane currents. Fig. 3 illustrates recordings of membrane current elicited using ramp voltage-clamp, according to the protocol illustrated in the inset of panel A. The quasi-steady-state current-voltage relationships ob- tained from the same experiment are shown in panel B. Under normoxic conditions, the quasi-steady-state current Ž . Fig. 3Ba was thought to be a potassium current because Ž . the reversal potential of this current y72 mV was close q Ž to the theoretical equilibrium potential of K y88.5 . mV , and the inward-rectifying property of inward rectifier K q channels was clearly seen. After ; 5 min of anoxia, the outward current increased at potentials positive to y60 Ž . mV extra-outward current and inward rectification disap-Ž . peared Fig. 3Bc . Following reoxygenation, the extra-outward current rapidly disappeared and the current-voltage relationship returned to that observed during pre-anoxic Ž . conditions Fig. 3Bd ,e .
To identify the channel responsible for the anoxia-induced extra-outward current, selective blockade of K q ATP Ž . channels with glibenclamide was examined Fig. 4 . As in Fig. 3 , anoxia provoked an outward current at potentials Ž . positive to y60 mV. Glibenclamide 1 mM , applied during anoxia, abolished this extra-outward current within 1 min. The shortening of action potential produced by anoxia was also completely restored by the introduction of Ž . glibenclamide data not shown .
Influence of glucose on the anoxia-induced shortening of the action potential duration
As shown above, the exposure of isolated myocytes to anoxic conditions caused activation of K The activation of K q channels during anoxia seems to ATP be preferentially mediated by the inhibition of oxidative phosphorylation due to the lack of oxygen. However, anaerobic glycolysis might have some modulatory effects on the activation of K q channels. To examine this ATP possibility, the time course of action potential shortening during anoxia was compared in the presence and absence of extracellular glucose. For this analysis, the time course of action potential shortening was divided into two phases Ž . Fig. 6A . Phase I refers to the period in which the action potential either did not change or changed slowly after the onset of anoxia. Following this phase, the action potential rapidly shortened until it became a spike-like contour. The latter phase was defined as phase II. Quantitatively, the 
Effects of long-lasting anoxia or repeated exposures to anoxia
In preliminary experiments, we found that restoration of the APD by reoxygenation was successful only when the reoxygenation occurred soon after the action potential assumed a spike-like appearance. If the introduction of reoxygenation was delayed beyond 5 min after the action potential reached this stage, the APD could not be restored. Fig. 7 shows such an example. In the absence of glucose, the cell was exposed to long-lasting anoxic conditions that persisted for ; 5 min after the action potential shortened to a spike-like appearance. Subsequent reoxygenation did not restore the APD and application of glucose was unable to restore it. However, since the applica-Ž tion of glibenclamide completely restored the APD 'e-f' . in Fig. 7 , it is evident that the sustained APD shortening seen after reoxygenation is due to the persistent activation of K q channels.
ATP
Repeated exposure to anoxia progressively impaired the recovery of APD during reoxygenation. A typical example is shown in Fig. 8 , in which the myocyte was exposed to anoxia-reoxygenation 4 times. The exposure to anoxia shortened the action potential to a spike-like appearance in each trial; however, the extent of recovery of the APD seen upon each successive reoxygenation progressively decreased as the number of anoxic exposures increased. In addition, the duration of anoxia required for the APD to assume the spike-like appearance was gradually reduced. After a fourth period of anoxia APD remained shortened during reoxygenation and exposure to extracellular glucose Ž . 5.5 mM did not restore the APD. In contrast, application Ž . of glibenclamide 1 mM led to a complete recovery of the Ž . 
Discussion
Anoxia-induced activation of K q channels in isolated ATP ventricular myocytes has been reported by Benndorf and w x co-workers 7,8,20 . Since anoxia is a central feature of ischemia, the single-cell anoxia model may be a useful tool to investigate electrophysiologic changes in the heart subjected to ischemia, where the patch-clamp techniques are applicable. However, the oxygen demand of single my-Ž . ocytes is so small that the partial pressure of oxygen PO 2 of the perfusate must be lowered below 0.15 mmHg to w x induce anoxia-related electrophysiologic changes 21 . The Ž . use of a closed airtight chamber to maintain the PO at Our present notion seems to be in contrast to the previous report using saponin-permeabilized ventricular cells of the same species and cell-attached patch-clamp techniques to measure the activity of single K q channels ATP w x Ž 10 . The application of substrates fructose-1,6,-diphosphate, phosphoenol pyruvate, NAD, K HPO , and ADP in 2 4 . the presence of FCCP for anaerobic glycolytic ATP production inhibited the K q channel activity more effi-ATP Ž ciently than did the application of substrates pyruvate, . glutamate, creatine, K HPO , and ADP necessary for 2 4 Ž . mitochondrial oxidative phosphorylation-mediated ATP production. To simulate in situ conditions of the heart, these experiments were conducted in the presence of 2-de-Ž . Ž .Ž oxyglucose 10 mM and hexokinase 10 IUrml i.e., an . exogenous ATP-consuming system . In contrast, the effects of anoxia and removal of glucose, in our present report, were studied using quiescent myocytes. The contraction of myocytes was inhibited by the presence of intracellular EGTA. Thus, the ATP consumption in the present study may have been greatly reduced compared with that seen in the case of permeabilized cells. In intact cells, most ATP generated by mitochondria that are located close to myofilaments is thought to be used for the contractile machinery before it diffuses towards the K q ATP channels in the cell membrane. In contrast, glycolytic ATP is generated by enzymes located at the site of K q ATP channels. Therefore, an ATP concentration gradient exists between mitochondrial ATP production sites and K q ATP channel sites in the cytoplasm. The magnitude of the gradient would be decreased after the rate of ATP utilization in the cytoplasm was increased, a condition similar to w x the presence of 2-deoxyglucose and hexokinase 10 . Therefore, in permeabilized cell experiments activation of K q channels could have been more sensitive to ATP ATP produced via glycolysis than that produced in mitochondria. In cells in which contraction was inhibited by the . intracellular introduction of EGTA present study , an ATP concentration gradient in the cytoplasm may be altered because ATP consumption of the contractile machinery is minimal. Under these conditions, gating of K q channels ATP would be primarily determined by ATP produced in mitochondria because the rate of production of ATP in mitochondria by far exceeds that via glycolysis. Indeed, in permeabilized myocytes, mitochondrial substrates were as effective as glycolytic substrates in blocking K q chan-ATP nels when the intrinsic level of ATP utilization was loww x ered 10 .
Source of ATP for control of K
Although extracellular glucose retarded the rate of APD shortening, perhaps due to the enhancement of ATP production via anaerobic glycolysis, the presence of glucose did not prevent the ultimate APD shortening caused by anoxia. We attribute the latter APD shortening to the inhibition of anaerobic glycolysis. Indeed, anaerobic glycolysis is reportedly inhibited in the late phase of ischemia, w x although it may be enhanced in earlier phases 29, 30 . In this context, it is noteworthy that the restoration of APD by reoxygenation was markedly inhibited after prolonged Ž . or repeated exposures to anoxia Figs. 7 and 8 . Such reoxygenation-resistant APD shortening could not be restored by the application of glucose but was completely restored by the application of glibenclamide. We therefore speculate that glycolysis itself may have been inhibited in these specific situations. Suppression of glycolysis eventually leads to the depletion of pyruvate, an essential substrate for oxidative phosphorylation, and results in no production of ATP via oxidative phosphorylation. 
Limitations and implications of present study
